INTRODUCTION
Vitamin B 6 is an essential organic cofactor for a variety of enzymes, and is required for the maintenance of the nervous and immune systems in animals and humans (Bender, 1989) ; it also plays an important role as an antioxidant in various organisms (Chung et al., 1999; Ehrenshaft et al., 1999) . Pyridoxal 5′-phosphate (PLP) is the biologically active form of vitamin B 6 and is essential for numerous enzyme reactions, including transamination, decarboxylation, racemization, and elimination in amino acid metabolism, biosynthesis of antibiotics, and DNA biosynthesis (Eliot and Kirsch, 2004; Percudani and Peracchi, 2003) . As de novo PLP biosynthesis pathways exist in bacteria, fungi, protozoa, and plants, but are missing in mammals, PLP biosynthesis could be a target for developing antibiotics (Belitsky, 2004; Dong et al., 2004; Osmani et al., 1999) . There are two mutually exclusive de novo pathways (deoxyxylulose 5′-phosphate (DXP)-dependent and DXP-independent) (Fitzpatrick et al., 2007; Tambasco-Studart et al., 2005) . The DXP-dependent pathway exists in many eubacteria and produces PLP from erythrose 4-phosphate and 1-deoxy-D-xylulose 5-phosphate (Cane et al., 1999; Laber et al., 1999) . In the DXP-independent pathway, which is employed in eubacteria, archaea, fungi, plants, plasmodia, and some metazoa, PLP is synthesized from dihydroxyacetone phosphate (DHAP) or its isomer glyceraldehyde 3-phosphate (G3P), ribose 5-phosphate (R5P) or its isomer ribulose 5-phosphate (RBP), and ammonia, which is formed by the hydrolysis of glutamine. The DXP-independent pathway involves the interplay of a synthase (PdxS) and a glutaminase (PdxT) displaying glutamine amidotransferase activity.
Crystal structures of PdxS (and PdxS homologs Pdx1, YaaD, and Snz1) and PdxT (and PdxT homologs Pdx2, YaaE, and Sno1) have been reported. PdxS from Geobacillus stearothermophilus is a cylindrical dodecamer consisting of a (β/α) 8 -or TIM-barrel fold (Zhu et al., 2005) . The active site of G. stearothermophilus PdxS, a pair of hexameric rings, is positioned on the inside of the dodecamer (Zhu et al., 2005) . The crystal structures of Thermotoga maritima YaaD-YaaE complex bound with RBP and the Bacillus subtilis Pdx1-Pdx2 complex have also been reported (Strohmeier et al., 2006; Zein et al., 2006) . Both Pdx1-Pdx2 and YaaD-YaaE complexes are made up of 24 subunits consisting of a dodecameric Pdx1 (or YaaD) and Pdx2 (or YaaE) (Strohmeier et al., 2006; Zein et al., 2006) . The glutaminase PdxT (Pdx2, YaaE) is inactive in the absence of the synthase subunit PdxS (Strohmeier et al., 2006; Zein et al., 2006; Zhu et al., 2005) . The structure suggests that an oxyanion hole is formed in the active site of PdxT triggered by a peptide flip induced by interaction with PdxS (Strohmeier et al., 2006) . The ammonia produced from the hydrolysis of glutamine by PdxT travels through an internal tunnel in the PdxS to reach the active site (Strohmeier et al., 2006) . The crystal structures of Saccharomyces cerevisiae Snz1 (apo-, Snz1-G3P complex, and Snz1-PLP complex) have also been reported (Zhang et al., 2010) . Recently, an electron microscopy analysis showed that Plasmodium falciparum PLP synthase organizes in fibers. An insertion in the P. falciparum Pdx2 could mediate intermolecular interactions in the fibers (Guedez et al., 2012) .
The oligomeric nature of several PdxS proteins in solution has been characterized by analytical gel filtration or analytical ultracentrifugation. B. subtilis Pdx1 and G. stearothermophilus PdxS proteins have been shown to exist as a hexamerdodecamer equilibrium in solution (Strohmeier et al., 2006; Zhu et al., 2005) . Hexamer-dodecamer equilibrium in G. stearothermophilus PdxS was dependent on the salt concentration (Zhu et al., 2005) . Sulfate ions form salt bridges with conserved residues (His115, Arg137, Arg138, and Lys187) on the hexamerhexamer interface of G. stearothermophilus PdxS to help form a dodecamer (Zhu et al., 2005) . S. cerevisiae Snz1 exists in a hexameric form in the crystal and solution (Neuwirth et al., 2009) . A small insertion (Lys177) in S. cerevisiae Snz1 on the hexamer-hexamer interface is responsible for a shift from dodecamer to hexamer (Neuwirth et al., 2009) . Notably, a long insertion, of 37 amino acids, is found in PdxS proteins of some archaea, including Pyrococcus horikoshii and Methanococcus jannaschii, but its structure and function are unknown.
To provide further structural information on this additional insertion, the oligomeric state, and the ligand binding mode of P. horikoshii PdxS, its crystal structure was solved in two forms, (i) the apo form, and (ii) the R5P complex form, and the quaternary structure of P. horikoshii PdxS in solution was determined by analytical gel filtration. R5P binds to the active site in a similar manner to R5P in the crystal structure of Plasmodium berghei Pdx1. Analytical gel filtration data demonstrated that P. horikoshii PdxS forms hexamers in solution. When we superimposed the structure of P. horikoshii PdxS on other dodecameric PdxS proteins, the additional insertion was located away from the active site and appeared to perturb dodecamer formation. The new structural information reported in this study will supplement the existing structural data regarding PdxS oligomerization and R5P recognition.
MATERIALS AND METHODS
Protein expression, purification, and crystallization Methods of protein expression, purification, crystallization, and data collection are essentially the same as those previously published (Yoon et al, 2012) . Briefly, PdxS from P. horikoshii was overexpressed in Escherichia coli strain Rosetta2 (DE3) pLysS and crystallized at 296 K using 2-methyl-2,4-pentanediol as a precipitant. The crystals grew to dimensions of 0.18 × 0.18 × 0.08 mm within 2 weeks. Crystals of apo and R5P complex forms of P. horikoshii PdxS diffracted to 2.7 Å and 3.1 Å resolution, respectively, and belonged to the monoclinic space group Structure determination and refinement The structure was solved by the molecular replacement method using the hexameric form of G. stearothermophilus PdxS (PDB ID: 1ZNN) as the probe (Zhu et al., 2005) . A cross-rotation search followed by a translation search was performed using the CNS program (Brünger et al., 1998) . Subsequent manual model building was performed using the program O (Jones et al., 1991) . The model was refined using CNS, and several rounds of model building, simulated annealing, positional refinement, and individual B-factor refinement were performed as those previously published (Lee, 2012; Yoon et al., 2011) . The non-crystallographic symmetry restraints were relaxed in successive rounds of refinement. Water molecules were added using the CNS program, followed by a visual inspection, positional refinement, and B-factor refinement. The atomic coordinates and the structure factors were deposited in the Protein Data Bank (Accession codes 4FIQ and 4FIR for apo and R5P complex forms, respectively).
Analytical gel filtration
The purified P. horikoshii PdxS protein was subjected to analytical gel filtration chromatography on a Superdex 200 (10/300) column with the running buffer (50 mM Tris-HCl at pH 7.9 containing 200 mM NaCl) at a constant flow rate of 1 ml/min. The standard curve was obtained using molecular weight markers (Sigma, catalog no. MWGF1000-1KT). The Stokes radii of apoferritin, β-amylase, alcohol dehydrogenase, albumin, and carbonic anhydrase were calculated from the crystal structure (PDB IDs: 2W0O, 1FA2, 2HCY, 3V03, 1V9E, respectively) using HYDROPRO program (Garcia De La Torre et al., 2000) .
RESULTS AND DISCUSSION
Model quality and structural comparisons The structures of P. horikoshii PdxS in two forms were determined by the molecular replacement method using the hexamer model of PdxS from G. stearothermophilus (PDB ID: 1ZNN) (Zhu et al., 2005) : (i) the apo form at 2.7 Å resolution and (ii) a binary complex with R5P at 3.1 Å resolution (Fig. 1) . The asymmetric unit contains six PdxS monomers for the apo and R5P-bound forms. The refined models gave R work /R free values of 17.3/24.6% for 20-2.7 Å and 18.5/22.7% for 20-3.1 Å data, respectively, for the apo and R5P-bound forms (Table 1) . The refined models of the apo and R5P-bound PdxS account for residues 2-316 of monomer A (2-322 of monomers B-F) and 1-333 in each of the six monomers in an asymmetric unit with 344 and 72 water molecules, respectively. Ramachandran plot analysis for the two models showed that 99.37% and 99.65% of the non-glycine residues were in the most favored and allowed regions, and 0.63% and 0.35% of the residues were in disallowed regions (Table 1) .
Six monomers of P. horikoshii PdxS are almost identical to each other. When monomer A was compared with the other monomers, the r.m.s. deviations averaged over the 5 monomers B-F were 0.26 Å for the 268 Cα atom pairs and 0.31 Å for the 293 Cα atom pairs for the apo and R5P-bound structures, respectively. When monomer A of the apo model was overlapped with monomer A of the R5P-complex model, the r.m.s. deviation was 0.29 Å for the 261 Cα atoms. This suggested that the overall structures of the P. horikoshii PdxS apo and R5P complex are similar to each other, except for the movement of α2′ and α8′ toward R5P in the R5P complex form (Fig.  1B) . When six monomers of the apo model were overlapped with those of the R5P complex models, the r.m.s. deviation was 0.33 Å for the 1606 Cα atoms. This indicated that there is no significant change in the oligomeric structure of P. horikoshii PdxS upon R5P binding. Values in parentheses refer to the highest resolution shell (2.70-2.61 Å for apo and 3.15-3.10 Å for R5P complex, respectively).
, where I(hkl) is the intensity of reflection hkl, Σ hkl is the sum over all reflections, and Σ i is the sum over i measurements of reflection hkl. c R = Σ hkl | |F obs | -|F calc | | / Σ hkl |F obs |, where R free was calculated for a randomly chosen 5% of reflections, which were not used for structure refinement and R work was calculated for the remaining.
Overall monomer and quaternary structure Monomers of P. horikoshii PdxS adapt a (β/α) 8 -barrel fold, consisting of 8 parallel β-strands (β1-β8) surrounded with eight α helices (α1-α8) along the polypeptide chain (Figs. 1A and 1C) (Sterner and Hocker, 2005) . Modifications to the (β/α) 8 -barrel are a 20-residue N-terminal helix (α1′), which caps the bottom of the β-barrel, helix α2′ inserted between the β2 and α2 loop, the elongated region of helices α6′ and α6′′ inserted between helix α6 and strand β7, helix α8′, and additional α-helix (α8′′) following helix α8 (Figs. 1A and 1C ). The N-terminal helix (α1′) is positioned on the outside of a hexameric ring, whereas the α2′ helix is positioned inside the hexameric ring as in PdxS homologs from B. subtilis and G. stearothermophilus (Strohmeier et al., 2006; Zhu et al., 2005) . The asymmetric unit of P. horikoshii PdxS crystals for the apo and R5P-bound forms contains a hexamer (Fig. 2) . In the R5P-bound structure of P. horikoshii PdxS, all six subunits are bound with R5P. The overall monomer and hexamer structures of P. horikoshii PdxS are similar to those of other PdxS proteins ( 195, 189, 207, 259, and 213 Cα atoms, respectively. The significant structural difference in P. horikoshii PdxS is the 37 amino-acid insertion between α6′ and α6′′ (Figs. 1C and 3) . P. horikoshii PdxS has longer α6′ and α6′′, which are connected by a long loop between them (Figs. 1C and 3) . When the hexameric PdxS (apo form) from P. horikoshii was overlapped with those of other PdxS proteins (PdxS homologs from B. subtilis, G. stearothermophilus, S. cerevisiae, and M. jannaschii, the r.m.s. deviations were 0.92 Å, 1.14 Å, 0.73 Å, and 0.71 Å for 1280, 1267, 1296, and 1586 Cα atoms, respectively (Guedez et al., 2012; Strohmeier et al., 2006; Zhu et al., 2005) .
Oligomeric state in solution
The elongated α6 and inserted α6′ and α6′′ regions are required for dodecamer formation (Strohmeier et et al. Zhu et al., 2005) and the hexamer-hexamer interface containing these regions (α6, α6′, and α6′′) showed a complementary shape between the two hexamers (Zhu et al., 2005) . S. cerevisiae Snz1 has been shown to exist as a hexamer in solution, and it has been suggested that a small insertion (Lys177) between α6 and α6′ prevents dodecamer formation (Neuwirth et al., 2009 ). This small insertion induces a conformational difference of the elongated and inserted regions α6, α6′, and α6′′, respectively, with those of B. subtilis Pdx1 inducing a steric clash on the hexamer-hexamer interface (Neuwirth et al., 2009 ). In case of P. horikoshii PdxS, the inserted regions α6′ and α6′′ are longer than those in other PdxS homologs (Figs.  1C and 3 ). To check whether this insertion interferes sterically with dodecamer formation, the P. horikoshii PdxS monomer was superimposed on the dodecamer structure of B. subtilis Pdx1 (Fig. 4A ) (Strohmeier et al., 2006) . Indeed, the superimposed P. horikoshii PdxS monomer showed a steric clash with the neighboring subunit of B. subtilis Pdx1 (Fig. 4A) . The longer inserted region (37 amino acids) appeared to contribute to the loss of shape complementarity on the hexamer-hexamer interface (Strohmeier et al., 2006; Zein et al., 2006; Zhu et al., 2005) . The hexamer-hexamer interface of G. stearothermophilus PdxS and B. subtilis Pdx1 consists of the α4, α5, α6, α6′, and α6′′ regions (Strohmeier et al., 2006; Zein et al., 2006; Zhu et al., 2005) , and hydrogen bonding interactions exist at the α6 and α6′ helices of the hexamer-hexamer interface (Table 2) . Among these hydrogen bonding pairs, a hydrogen bond between Arg165 (Arg171 in P. horikoshii PdxS) and Asp180 (Glu186 in P. horikoshii PdxS) commonly exists in G. stearothermophilus PdxS and B. subtilis Pdx1, and two residues, Arg165 and Asp180, in both G. stearothermophilus PdxS and B. subtilis Pdx1, are conserved (Figs. 3 and 4A ). In the case of P. horikoshii PdxS, the constitution of the hexamer-hexamer interface might be changed to the C-terminal of the α6, α6′, and α6′′ regions because of the long inserted region (Figs. 3 and 4A) . The conserved Arg171 residue of P. horikoshii PdxS, which is The cutoff distance between the pairs of hydrogen-bonded heavy atoms is 3.2 Å.
A B C
located on α6, might be inaccessible to the other hexamer because of the long insertion (Figs. 3 and 4A ).
To analyze the oligomeric states of P. horikoshii PdxS in solution, we performed analytical gel filtration with a Superdex 200 Molecular weight markers (Sigma, catalog no. MWGF1000-1KT) containing apoferritin, β-amylase, alcohol dehydrogenase, albumin, and carbonic anhydrase were used to generate the standard curve. The position of P. horikoshii PdxS is marked as a red dot. No. Q03148), and P. berghei (UniProtKB/Swiss-Prot accession No. Q4Z0E8). Secondary structure elements were assigned by PyMOL and every twentieth residue is marked by a black dot. Arrows above the sequences denote α-helices and cylinders β-strands. The 37 amino acid insertion region (Tyr199-Ile235) of P. horikoshii PdxS and M. jannaschii PdxS are enclosed by a blue box. Red triangles above the sequences indicate the residues that interact with the R5P molecule. Blue diamonds above the sequences indicate the conserved residues that form hydrogen bonds on the hexamer-hexamer interface of G. stearo-thermophilus PdxS and B. subtilis Pdx1.
(10/300) column (Figs. 4B and 4C ). Using the gel-filtration data, the Stokes radius of P. horikoshii PdxS in solution was estimated to be 5.43 nm, which is similar to the calculated Stokes radius (5.27 nm) of the hexameric structure of P. horikoshii PdxS (Figs. 4B and 4C) . As a reference, the calculated Stokes radius of the dodecameric structure of B. subtilis Pdx1 is 6.04 nm. This result strongly suggests that P. horikoshii PdxS exists as a hexamer in solution, as is predicted from the crystal structure of P. horikoshii PdxS.
Binding mode of R5P
In the structure of the R5P complex of P. horikoshii PdxS, R5P molecules are clearly defined by their electron density and are bound in the active sites of all six chains of the homohexamer (Fig. 1D ). Lys87 forms a Schiff base with the C1 carbonyl of R5P and stretches across the bottom (the N-terminal end of the β-barrel) (Fig. 1D ). Asp30 forms a hydrogen bond with the C3 hydroxyl group of R5P (3.1 Å). Phosphate oxygen atoms of R5P form hydrogen bonds with amide nitrogen atoms of Gly159, Gly257, Gly278, and Ser279 (2.9 Å, 2.8 Å, 3.1 Å, and 2.7 Å, respectively) ( Fig. 1D and Table 3 ). All of the R5P binding site residues (Lys87, Asp30, Gly159, Gly257, Gly278, and Ser279) are conserved among the PdxS homologs (Fig. 3) , and the binding mode of R5P in the P. horikoshii PdxS structure is similar to that in the R5P-bound structure of P. berghei Pdx1 (Guedez et al., 2012) .
